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Vaccinia virus (VV) produces two antigenically and structurally distinct infectious virions, intracellular
mature virus (IMV) and extracellular enveloped virus (EEV), which bind to unidentified and possibly different
cellular receptors. Studies of VV binding have been hampered by having two infectious virions and by the
rupture of the EEV outer membrane in the majority of EEV virions during purification. To overcome these
problems, we have developed a novel approach to study VV binding that is based on confocal microscopy and
does not require EEV purification. In this assay, individual virus particles adsorbed to the cell are simulta-
neously distinguished and quantified by double immunofluorescence labelling with antibody markers for EEV
and IMV. By this method, we show unequivocally that IMV and EEV bind to different cellular receptors. Three
independent observations allow this conclusion. First, the efficiencies with which IMV and EEV bind to
different cell lines are unrelated; second, cell surface digestion with some enzymes affects IMV and EEV
binding differently; and third, the binding of a monoclonal antibody to cells prevents IMV binding but not EEV
binding. This technique may be widely applicable for studying the binding of different viruses.

Vaccinia virus (VV) is a poxvirus and produces large (250-
by 350-nm) and complex virions that contain a double-stranded
DNA genome and more than 100 polypeptides (8). There are
two morphologically distinct infectious forms of virions, intra-
cellular mature virus (IMV) and extracellular enveloped virus
(EEV) (2, 10). IMV represents the majority of infectious prog-
eny and remains within the cytoplasm of the infected cell until
cell lysis. EEV is released from the cell and possesses an extra
lipid envelope with at least 10 associated proteins which are
absent from IMV (14, 15). These proteins endow EEV with
different biological and immunological properties (2–4, 19).
Despite the fact that EEV constitutes only a very minor frac-
tion of total infectivity, it has two important biological prop-
erties. First, it mediates long-range dissemination of virus both
in vitro and in vivo (15); second, it is the form of virus against
which immune responses that are necessary for protection
against infection by orthopoxviruses are induced (1, 3, 15).
Because EEV has an extra lipid envelope containing pro-

teins absent from IMV, it is possible that each form of VV
binds to distinct cellular receptors and consequently could
have different tropisms. Surprisingly, this question, which is
important for the understanding of VV pathogenesis and for
the use of VV as a live recombinant vaccine, has not been
investigated so far. Recently, Chang et al. described the isola-
tion of a mouse immunoglobulin M (IgM) monoclonal anti-
body (MAb), B2, which reacts with a trypsin- and pronase-
sensitive and neuraminidase-resistant cell surface epitope (5).
When bound on the cell surface, MAb B2 was shown to pre-
vent IMV binding, but its effect on EEV binding or infectivity
was not tested.
Binding studies require purified virus, and this is particularly

true for VV, which produces two forms of infectious virions.
Despite the fact that EEV is the only form actively released

from the cell, the supernatant of infected cells cannot be used
as a source of pure EEV because it contains contaminating
IMV released from lysed cells. Furthermore, because IMV is
much more abundant than EEV ($100-fold for the Western
Reserve strain), breakage of only a minor proportion of cells
produces overwhelming contamination. Recently, Ichihashi
has shown that biophysical methods to separate EEV from
IMV cause damage to the outer envelope of EEV virions, as
demonstrated by their sensitivity to MAbs that neutralize IMV
(9). Once the EEV membrane is ruptured, the particle retains
full infectivity as an IMV. Similarly, if the EEV envelope pre-
sents a defect which reduces the specific infectivity of EEV
virions, the rupture of the EEV membrane increases the spe-
cific infectivity (12). Because damaged EEV could bind to the
cell via an EEV or IMV protein, purified EEV should not be
used for binding studies.
To overcome these difficulties, we have developed a novel

binding assay based on confocal microscopy which does not
require purified virions. By this assay, we demonstrate that
IMV and EEV bind to different cellular receptors. This
method should be applicable for studying many different vi-
ruses.

MATERIALS AND METHODS

Cells and viruses. BS-C-1 cells (African green monkey kidney cells; ATCC
CCL-26) and RK13 cells (rabbit kidney cells; ATCC CCL-37) were grown in
minimum essential medium (MEM) (Gibco) supplemented with 10% fetal bo-
vine serum (FBS). HeLa cells (ATCC CCL-10) were grown as suspension cul-
tures as described elsewhere (6).
The International Health Department-J VV strain, which produces large

amounts of EEV, was grown in RK13 cells infected with 1 PFU per cell. Three
virus preparations were produced from the infected cultures. For fresh EEV, the
culture supernatant was harvested at 24 h after infection and centrifuged to
remove detached cells and cell debris (1,0003 g, 20 min, 48C). A fresh EEV
preparation was produced before each experiment. Alternatively, 48 h after
infection, IMV and EEV were purified as described previously (13). Purified
IMV and EEV were stored at2708C and were sonicated at 40 mm for 30 s before
use. Virus infectivity was titrated by plaque assay with BS-C-1 cells. Unless
otherwise specified, cells were incubated with serial dilutions of the virus in
phosphate-buffered saline (PBS) (3 mM KCl, 1.5 mM KH2PO4, 0.14 M NaCl, 6.5
mM Na2HPO4 [pH 7.2]) containing 2% FBS (0.5 ml per well of 6-well cluster
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dishes) for 1 h at 48C, washed with PBS–2% FBS, and overlaid with 1.5%
carboxymethyl cellulose (CMC) in MEM with 2.5% FBS (11). After 2 days, cells
were stained with 0.1% crystal violet in 15% ethanol and the plaques were
counted. To determine only the infectivity associated with EEV, any contami-
nating IMV infectivity was neutralized by the addition of MAb 5B4/2F2 (final
dilution, 1/2,560) against the 14-kDa fusion protein (A27L gene product) of IMV
(7).
MAbs. Culture supernatant from a murine hybridoma secreting the IgM MAb

B2 was kindly provided by W. Chang (5). Murine MAb AB1.1 (13), raised against
the D8L IMV surface protein, and rat MAb 19C2 (18), raised against the B5R
EEV surface protein, were also used.
Capping of the MAb B2-reactive epitope. Capping of the MAb B2-reactive

epitope was induced in HeLa cells grown as suspension cultures. Cells (106) were
incubated for 1 h on ice with 0.2 ml of MAb B2-undiluted supernatant. Then cells
were washed with cold PBS–10% FBS (PBSF) and further incubated for 30 min
on ice with a rabbit antiserum to mouse IgM (RAM-IgM; Serotec) (16 mg/106

cells in 0.2 ml of PBSF). After washing with cold PBSF, capping was induced by
incubation at 378C for 10 min followed by cooling to 08C to stop the process.
Cell surface enzymatic digestions. Trypsin (1.25 mg/ml; from bovine pancreas;

Boehringer Mannheim), pronase (1 mg/ml; from Streptomyces griseus; Boehr-
inger Mannheim), and neuraminidase (40 mU/ml; from Vibrio cholerae; Boehr-
inger Mannheim) digestions were carried out in PBS for 30 min on ice. Cells
were then washed extensively with cold PBS–2% FBS.
Indirect immunofluorescent staining for conventional microscopy and confo-

cal microscopy. Virus particles bound to fibronectin-coated coverslips or cells
were fixed in PBS containing 4% paraformaldehyde (wt/vol) for 20 min on ice.
After being washed with PBS, samples were permeabilized in ethanol-PBS (90:10
[vol/vol]) at 08C for 2 min. Then samples were extensively washed with PBS and
incubated in PBSF containing the appropriate concentration of the primary MAb
at 378C for 45 min. MAb AB1.1 (diluted 1/300), biotinylated MAb AB1.1 (di-
luted 1/100), or MAb 19C2 (diluted 1/16) was used as the primary antibody. After
being washed with PBSF, samples were incubated in PBSF containing the ap-
propriate secondary reagent at 378C for 30 min. Fluorescein isothiocyanate
(FITC)-conjugated F(ab9)2 goat anti-mouse IgG (GAM) (8 mg/ml) (Sigma),
rhodamine-conjugated streptavidin (Rd-Strep) (3.3 mg/ml) (Serotec), and FITC
(10 mg/ml) (Serotec)- or R-phycoerythrin (PE) (10 mg/ml) (Serotec)-conjugated
F(ab9)2 rabbit anti-rat IgG (RAR) were used as secondary conjugates, respec-
tively. After extensive washing with PBSF and a final wash step with distilled
water, samples were mounted in Mowiol-DAPI (6-diamin-2-phenylindole-dihy-
drochloride) mounting medium as described elsewhere (17). This mounting
medium contained 1 mg of DAPI per ml.
Quantification of cell surface MAb B2-reactive epitope by indirect immuno-

fluorescent staining and flow cytometry. HeLa cells (106) grown as suspension
cultures were incubated for 1 h on ice in 0.2 ml of MAb B2 pure supernatant or

in 0.2 ml of PBSF containing a mouse isotype IgM negative control (10 mg/106

cells) (Serotec). After being washed with cold PBSF, cells were further incubated
with a FITC-conjugated sheep antiserum to mouse IgM (SAM-IgM) (Serotec)
(16 mg/106 cells in 0.2 ml of PBSF) on ice for 30 min. After being washed with
cold PBSF, cells were fixed in PBS containing 4% formaldehyde (vol/vol) and
analyzed by flow cytometry.
Confocal-microscopy analysis. Cells were analyzed with a Bio-Rad MRC 1000

confocal microscope (run with Comos software) by using appropriate filters, the
full dynamic range of grey scale, and Kalman filtration. Optical sections perpen-
dicular to the z axis were performed every 0.6 mM throughout the sample. The
confocal pictures were reconstructed by projection of sections.
Flow cytometry analysis. Flow cytometry analysis for FITC emission signal was

performed with a FACScan flow cytometer (Becton Dickinson) as described
previously (20).
Statistical analysis. Student’s t test was used to test the significance of results

(P , 0.05).

RESULTS

IMV and EEV particles can be visualized by conventional
fluorescent microscopy. VV is a very large virus (approximate-
ly 250 by 350 nm); therefore, we investigated whether indirect
immunofluorescent staining could be used as a novel assay to
study VV binding to cells. Purified IMV and EEV (107 PFU/ml
in PBS) were first incubated for 30 min at 378C on the surface
of glass coverslips coated with fibronectin. After being washed
with PBS, adsorbed virions were treated as described in Ma-
terials and Methods for indirect immunofluorescent staining
with MAb AB1.1 (anti-D8L gene product) (Fig. 1B and F) or
MAb 19C2 (anti-B5R gene product) (Fig. 1D and H). Staining
of viral DNA with DAPI enabled each isolated IMV and EEV
particle to be visualized (Fig. 1A, C, E, and G). A much
brighter signal was observed when virions (IMV or EEV) were
revealed by indirect immunofluorescent staining. As expected,
both IMV and EEV permeabilized particles were stained by
MAb AB1.1 directed against the IMV surface protein D8L.
Importantly, all the virions detected by DAPI staining were
also revealed by staining with MAb AB1.1 (Fig. 1; compare

FIG. 1. Visualization of IMV and EEV by conventional fluorescent microscopy. Purified EEV (A through D) and IMV (E through H) (107 PFU/ml in PBS) were
incubated for 30 min at 378C on the surface of glass coverslips coated with fibronectin. After being washed with PBS, the virions adsorbed to fibronectin were treated
as described in Materials and Methods for indirect immunofluorescent staining. MAb AB1.1 (B and F) and MAb 19C2 (D and H) were used as primary antibodies
and were revealed by FITC-GAM and FITC-RAR secondary antibodies, respectively. The samples were then examined with a conventional fluorescent microscope
(magnification, 31,000; Axioplan microscope; Zeiss). Panel pairs (A and B, C and D, E and F, and G and H) represent the same field examined for DAPI and FITC
fluorescent emissions, respectively. Bar, 2 mm. aD8L, anti-D8L; aB5R, anti-B5R.
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panels A and B and panels E and F). In contrast, MAb 19C2,
which recognizes only EEV particles (18), stained 3% of the
purified IMV particles revealed by DAPI staining (n 5 400),
indicating that the majority of the virions of this preparation
were IMV (Fig. 1; compare panels G and H). Consistent with
this, 95% (n 5 598 PFU in the absence of MAb 5B4/2F2) of
the purified IMV PFU were neutralized by MAb 5B4/2F2.
Taken together, these data indicate the reasonably high purity
of the purified IMV preparation and the efficiency with which
MAb 5B4/2F2 neutralizes IMV infectivity.
For the purified EEV preparation, 96% of virions were

stained by MAb 19C2 (determined by observation of 400
DAPI-positive particles), indicating that the majority of the
virions of this preparation were EEV. When purified EEV was
submitted to neutralization assay with MAb 5B4/2F2, 65%
(n 5 453 PFU in the absence of MAb 5B4/2F2) of the PFU
were neutralized. Taking into account that only 31% of the
infectivity of the original culture supernatant used for EEV
purification was neutralized by MAb 5B4/2F2, these data in-
dicated that the purification procedure led to isolation of EEV
with a damaged outer membrane, allowing access of IMV-
neutralizing antibody. Despite several attempts using different
protocols, we were not able to purify EEV without obtaining a
large fraction of damaged particles. Therefore, all further in-
vestigations on EEV biology were carried out with fresh EEV
prepared at 24 h postinfection from the cell supernatant. For
EEV infectivity assays, any contaminating IMV was neutral-
ized by the addition of MAb 5B4/2F2. For binding studies, we
developed a double immunofluorescent staining which permits
IMV and EEV bound on the cell surface to be counted and
differentiated simultaneously.
Simultaneous identification of IMV and EEV on the cell

surface by double immunofluorescent staining and confocal
microscopy analysis. Fresh EEV contains 15 to 25% contam-
inating IMV; therefore, its use for binding studies requires an
assay which permits differentiation of IMV and EEV. With
that goal in mind, we used a double immunofluorescent stain-
ing with MAbs AB 1.1 and 19C2 against the D8L and B5R
gene products, respectively, on fixed and permeabilized sam-
ples (Fig. 2). Biotinylated MAb AB1.1 and MAb 19C2 were
used as primary MAbs and were subsequently revealed by
Rd-Strep and FITC-RAR, respectively. By this staining proce-
dure, EEV virions appeared as double (red and green) foci
while IMV virions were single (red) fluorescent foci on the cell
surface. Each fluorescent focus was shown to represent an
isolated particle and not a virus cluster by measuring the sizes
of spots. The mean diameter of Rd fluorescent foci was 409.3
nm (standard deviation [SD] 5 13.1; n 5 20), which is similar
to the dimension of a single vaccinia virion. This also demon-
strated that the virus preparations contained disaggregated
particles.
Determination of physical particle/PFU ratios. The ability to

visualize individual VV virions and to determine their pheno-
types by double immunofluorescent staining provided a simple
way to determine the numbers of EEV and IMV particles per
volume unit. To do this, the VV preparation whose titer was to
be determined was serially diluted in distilled water. One mi-
croliter of each dilution was then loaded in triplicate on the
surface of a glass coverslip coated with fibronectin (washed
with distilled water and dried beforehand). After being dried
completely, virions were fixed to fibronectin with 4% parafor-
maldehyde in PBS for 30 min on ice. Then samples were
permeabilized and treated for double immunofluorescent
staining as described above. The numbers of EEV (double-
positive) and IMV (single-positive) particles were then
counted on the entire area corresponding to each drop from

dilutions giving between 100 and 1,000 virions/drop. The mean
number of the three measurements multiplied by the dilution
factor enabled the number of EEV or IMV virions/ml to be
calculated. Simultaneously, the total infectivity (EEV plus
IMV) was determined by plaque assay with BS-C-1 cells in
triplicate and the infectivity associated with EEV was deter-
mined by plaque assay in the presence of MAb 5B4/2F2. To
ensure that all the infectious particles had sufficient time to
bind to cells, the virus was adsorbed for 3.5 h at 378C (0.5 ml
per well of 6-well cluster dishes). The particle/PFU ratio of
IMV was calculated from analyses of purified IMV and fresh
EEV, while the EEV particle/PFU ratio was calculated by
analysis of fresh EEV. The data given are the means from
three independent virus preparations. The IMV particle/PFU
ratios were 45 (SD 5 11.1; n 5 3) and 64.6 (SD 5 16.5; n 5 3)
in fresh EEV and purified IMV, respectively. The EEV parti-
cle/PFU ratio of fresh EEV was 12.7 (SD 5 6.1; n 5 3). These
data indicate that EEV has a higher specific infectivity than
does IMV under the conditions tested and that the purification
of IMV reduces the specific infectivity.
Cell surface protease treatment affects differently IMV and

EEV binding. The binding assay described above enables the
identification and differentiation of IMV and EEV bound to
the cell surface and consequently allows the use of virus prep-
arations containing both IMV and EEV for binding studies.
Therefore, it can be applied to investigate simultaneously the
effects of a specific treatment on IMV and EEV binding. We
used this feature of the binding assay to investigate whether
IMV and EEV bind to identical or separate receptors.
If IMV and EEV bind to separate cellular receptors and

these receptors have different biochemical compositions, cell
surface treatment with some enzymes might affect differently
IMV and EEV binding. To test this hypothesis, we investigated
whether treating cells with different enzymes affected differen-
tially IMV and EEV binding and infectivity. Binding and in-
fectivity assays were performed concurrently with RK13 and
BS-C-1 cells. Binding assays were also performed with HeLa
cells grown in suspension. Cell surface treatments with trypsin,
pronase, and neuraminidase were carried out as described in
Materials and Methods. It was not possible to use BS-C-1 cells
for protease experiments due to their high sensitivities to these
enzymes causing detachment from the culture vessel.
Trypsin digestion did not affect either IMV binding or in-

fectivity (Table 1). Statistically similar numbers of IMV parti-
cles were counted on the surfaces of cells digested with trypsin
and those that were mock treated (Table 1). This observation
was made with both RK13 and HeLa cells and with both
sources of IMV (purified IMV and fresh EEV). When RK13
cells were subjected to the infectivity assay with purified IMV
as the inoculum, similar numbers of PFU were observed for
mock- and trypsin-treated cells (Table 1). Surprisingly, and in
contrast to IMV, EEV bound more efficiently to trypsin-
treated cells than to normal cells. The number of EEV counted
on trypsin-treated cells was 2.0 times that observed on control
cells. Similarly, EEV generated 2.3 times more plaques on
trypsin-treated RK13 cell monolayers than on mock-treated
monolayers (Table 1).
Pronase treatment had opposite effects on IMV and EEV

binding. Pronase treatment of RK13 and HeLa cells reduced
the amount of IMV bound on the cell surface by 92 and 97%,
respectively (Table 1 [purified IMV used as the inoculum]).
Similarly, when RK13 cell monolayers were treated with pro-
nase before infection, the number of IMV plaques was de-
creased by 90% in comparison with the control (Table 1). In
contrast to IMV, cell surface pronase treatment enhanced
EEV binding and infectivity. RK13 and HeLa cells treated with
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pronase bound 2.94 and 2.72 times more EEV, respectively,
than did control cells (Table 1). The results of infectivity assays
led to a similar conclusion: the number of PFU observed after
EEV infection of pronase-treated monolayers was 3.17 times
higher than that after infection of control cells (Table 1).
Cell surface treatment with neuraminidase enhanced slightly

the binding of both IMV and EEV. Whereas IMV binding and
infectivity were increased by about 15% (Table 1), a greater
effect was observed with EEV, where both binding and infec-
tivity were increased by about 50% (Table 1).
Treatment with each enzyme therefore produced different

effects on IMV and EEV, suggesting that these virions bind to
different receptors. In support of this, IMV and EEV also
bound to different cell lines with various efficiencies (Table 1).
In contrast to IMV, the efficiency of EEV binding was not

constant for the cell lines tested. If IMV and EEV bind to an
identical receptor, any variation in the expression of this pu-
tative receptor between different cell lines should affect IMV
and EEV binding to the same extent. On the other hand, if
IMV and EEV bind to separate receptors, the efficiency of
IMV and EEV binding is expected to fluctuate independently
between different cell lines. The results obtained with mock-
treated cells showed that the numbers of IMV counted on the
cell surface for the three cell lines tested were similar (Table
1). Both sources of IMV (purified IMV and fresh EEV) led to
this observation. In contrast, the efficiency of EEV binding
varied between cell lines. Statistically different numbers of
EEV were detected on the surface of the three cell lines in-
fected with fresh EEV (Table 1). For example, 4.9 times more
EEV was detected on BS-C-1 cells than on RK13 cells. This

FIG. 2. Detection and identification of IMV and EEV on the cell surface by double immunofluorescent staining and confocal microscopy. RK13 cells were mock
infected (A through C) or infected on ice with purified IMV (D through F) or fresh EEV (G through I). Cells were then treated as described in Materials and Methods
for simultaneous detection of D8L and B5R gene products by double indirect immunofluorescent staining. Biotinylated MAb AB1.1 and MAb 19C2 were used as
primary MAbs and were revealed by Rd-Strep and FITC-RAR, respectively. All three panels horizontally analyze the same cells. The first (A, D, and G) and second
(B, E, and H) columns of panels are analyses for Rd and FITC fluorescent emissions, respectively. In the third (C, F, and I) column Rd and FITC signals are merged.
The arrowheads in panel G identify particles (IMV) which were detected by MAb AB1.1 but not by MAb 19C2. Bar, 2 mm. aD8L, anti-D8L; aB5R, anti-B5R.
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observation could not be an artifact because in the same virus
sample (fresh EEV), the number of IMV particles bound was
similar (Table 1). The differences in EEV binding efficiency
between BS-C-1 and RK13 cells were also confirmed by infec-
tivity assays (data not shown). When an identical dilution of
fresh EEV containing MAb 5B4/2F2 was plaqued concurrently
on BS-C-1 and RK13 cells, the number of EEV plaques gen-
erated on a BS-C-1 monolayer was about five times greater
than the number observed with RK13, whereas the numbers of
plaques generated by purified IMV on BS-C-1 and RK13 cells
were similar (data not shown).
The data in Tables 1 and 2 obtained with mock-treated

BS-C-1 cells also enabled the determination of the proportion
of virus particles bound to cells that gave rise to a plaque. For
IMV, 2,104 virions bound to 200 cells at a multiplicity of
infection (MOI) of 10 [(2104/200)/10 5 1.052; that is, every
IMV particle that bound formed a plaque]. However, for EEV
this was not so [(3,984/200)/(5.2 3 0.78) 5 4.9; that is, only 1 in
every 5 EEV virions produced a plaque].
MAb B2 bound on the cell surface does not affect either EEV

binding or infectivity. Recently, Chang et al. showed that MAb
B2 bound to the cell surface inhibits the binding and conse-
quently infectivity of IMV (5), suggesting that MAb B2 recog-
nizes an IMV receptor. If IMV and EEV bind to an identical
receptor, MAb B2 would also be expected to affect EEV bind-
ing and infectivity. This was addressed with BS-C-1, RK13, and
HeLa cells, and the results are presented in Table 2.
The preincubation of BS-C-1, RK13, and HeLa cells with

MAb B2 did not affect the binding of EEV. Statistically similar
numbers of EEV particles were observed on the surfaces of
cells pretreated with MAb B2 or culture medium (Table 2).
The results of infectivity assays performed with BS-C-1 and
RK13 cells led to an identical conclusion; similar numbers of
plaques were observed independently of the preincubation
treatment (Table 2).
As described by Chang et al., we observed that MAb B2

bound to the cell surface reduced IMV binding and infectivity.
When BS-C-1 cells were preincubated with MAb B2 and sub-
sequently infected with purified IMV, the binding and plaque
formation of IMV were reduced by 83 and 77%, respectively
(Table 2 [purified IMV used as the inoculum]). A similar
inhibition of IMV binding was observed when fresh EEV was
used as the inoculum (81% [Table 2]). The results obtained
with RK13 cells were qualitatively similar; however, the per-
centage of inhibition was lower than that for BS-C-1 cells.
Importantly, with both cell lines, MAb B2 inhibition of IMV
binding was not total. This partial inhibition may be explained
either by the existence of more than one IMV receptor or by
the inability of the MAb B2 supernatant to saturate all MAb
B2-reactive epitopes on the cell surface. The second possibility
was eliminated, since after a first incubation with BS-C-1,
RK13, or HeLa cells, the MAb B2 supernatant fully retained its
ability to reduce IMV binding when it was applied to fresh cells
(data not shown).
Effect of MAb B2-reactive receptor capping on EEV binding.

These data suggested that the MAb B2-reactive receptor is
involved in IMV binding but not EEV binding. However, it
remained possible that IMV and EEV bind to different do-
mains of MAb B2-reactive receptor and that the IMV domain
was neutralized by MAb B2 while the EEV domain was not. To
test this possibility, we induced the capping of MAb B2-reac-
tive receptor and investigated its effect on EEV binding.
Despite several attempts, we were not able to induce proper

capping of MAb B2-reactive receptor in BS-C-1 or RK13 cells
(data not shown). This could be attributed to their adherent
phenotype. In contrast, capping was successfully induced in
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HeLa cells grown in suspension by the protocol described in
Materials and Methods.
To visualize and to control capping, cells were fixed before

(Fig. 3A, panel b) or after (Fig. 3A, panel c) incubation at 378C
for 10 min. MAb B2/RAM-IgM complexes were then revealed
by FITC-conjugated goat anti-rabbit IgG (GARB). Before the
378C incubation period, the distribution of MAb B2-reactive
epitope on the cell surface was mostly diffuse despite the pres-
ence of several small clusters (Fig. 3A, panel b). These clusters
were artifacts of the three-step staining procedure (MAb B2,
RAM-IgM, and FITC-GARB) as they were not observed when
cells were subjected to indirect immunofluorescent staining
with MAb B2 followed by FITC-SAM-IgM (data not shown).
However, after 10 min at 378C, all the FITC fluorescence was
clustered, indicating capping of MAb B2-reactive receptor
(Fig. 3A, panel c). The specificity of MAb B2 staining was
controlled by using an irrelevant mouse IgM MAb as the pri-
mary antibody (Fig. 3A; compare panels a and b).
To address the effect of MAb B2-reactive receptor capping

on EEV binding, the following three preparations of HeLa
cells were subjected to the binding assay (Fig. 3B): (i) cells
preincubated with an irrelevant mouse IgM MAb (negative
control cells) (panel a), (ii) cells treated as described in Ma-
terials and Methods to induce MAb B2-reactive receptor cap-
ping but with omission of the 10-min incubation period at 378C
(MAb B2-labelled cells) (panel b), and (iii) cells treated to
induce capping of MAb B2-reactive receptor (MAb B2-capped
cells) (panel c).
Figure 3B shows that the capping of MAb B2-reactive re-

ceptor did not affect EEV binding, since similar numbers of
EEV particles were observed on the surfaces of negative con-
trol, MAb B2-labelled, and MAb B2-capped cells. The capping
of MAb B2-reactive receptor did not increase the degree to
which IMV binding was inhibited by MAb B2, since similar
numbers of particles were observed on cells whether or not
capping was induced (Fig. 3B; compare panels b and c).
The capping of MAb B2-reactive receptor very probably

reduces access to any part of this receptor by steric inhibition.
The observation that EEV binding was not affected by the
capping of MAb B2-reactive receptor might be explained in
two ways. Either MAb B2-reactive receptor is not involved in
EEV binding or EEV is able to bind to MAb B2-reactive

receptor despite its capping. If the latter was true, EEV bind-
ing sites and MAb B2-reactive molecule clusters would colo-
calize on the surfaces of MAb B2-capped cells. To test this, we
used a double immunofluorescent staining to visualize simul-
taneously MAb B2-reactive molecule clusters and EEV (Fig.
4). One hundred cells, containing 254 bound EEV, were ex-
amined by confocal microscopy to determine the relative lo-
calization of EEV binding sites and MAb B2-reactive molecule
clusters. All but six EEV particles (which were observed at the
periphery of MAb B2-reactive molecule clusters) were present
at positions clearly isolated from the MAb B2 clusters, and
three representative cells are shown in Fig. 4.
MAb B2 prevents IMV binding by steric inhibition. Chang

et al. have shown that the MAb B2-reactive epitope is sensitive
to trypsin digestion (5). However, these data did not determine
the effect of trypsin digestion on IMV binding. Table 1 shows
that cell surface trypsin digestion does not affect IMV binding,
suggesting that the MAb B2-reactive epitope is not the IMV
binding site and consequently that MAb B2 prevents IMV
binding by steric inhibition. To be certain about this, it was
necessary to demonstrate that trypsin digestion destroyed all of
the MAb B2-reactive epitope present on the cell surface. To
examine this, the MAb B2-reactive epitope on the surfaces of
mock-digested and trypsin-digested cells was quantified by in-
direct immunofluorescent staining and flow cytometry (Fig. 5).
Trypsin-treated cells had a relative fluorescence intensity iden-
tical to that of negative control cells (mock-treated cells
stained with an irrelevant mouse IgM MAb as the primary
antibody), indicating that the great majority of MAb B2-reac-
tive epitopes were destroyed after trypsin treatment (Fig. 5).
As this treatment has no effect on IMV binding, the mecha-
nism by which MAb B2 prevents IMV binding must be steric
inhibition.

DISCUSSION

VV produces two types of infectious particles, IMV and
EEV. EEV is an IMV particle with an additional outer mem-
brane that contains proteins that are absent from IMV. This
EEV outer membrane explains why IMV-neutralizing antibod-
ies fail to inhibit the infectivity of EEV particles (15). The EEV
outer membrane has been described as a loose and extremely

TABLE 2. Effects of MAb B2 on the abilities of cells to support IMV and EEV binding and plaque formationa

Cell line Inoculum

Binding assayb Infectivity assayc

Mock MAb B2
Mock MAb B2

IMV EEV IMV EEV

BS-C-1 Purified IMV 2,057 6 87 (100) NAd 350 6 34 (17) NA 100 6 4 23 6 2
Fresh EEV 241 6 26 (100) 3,278 6 122 (100) 46 6 25 (19) 3,245 6 87 (99) 100 6 4 106 6 7

RK13 Purified IMV 2,103 6 89 (100) NA 878 6 82 (42) NA 100 6 6 35 6 5
Fresh EEV 268 6 20 (100) 687 6 39 (100) 136 6 43 (51) 701 6 73 (102) 100 6 4 96 6 7

HeLa Purified IMV 2,198 6 110 (100) NA 474 6 22 (22) NA NA NA
Fresh EEV 294 6 33 (100) 483 6 62 (100) 55 6 8 (19) 466 6 35 (97) NA NA

a For binding and infectivity assays, adherent cells were grown in a 1-well culture chamber slide (Nunc) and 6-well cluster dishes (Falcon), respectively. For HeLa
cells, both incubations (106 cells/0.2 ml) and infections (106 cells/ml) were performed in suspension. Before infection, cells were incubated with undiluted MAb B2
supernatant (450 ml per 1-well chamber slide or per well of 6-well cluster dishes) or with MEM–10% FBS (mock-treated cells) for 1 h on ice and then extensively washed
with cold PBS–2% FBS.
bMock- and MAb B2-treated cells were infected on ice for 1 h with either purified IMV (MOI of 10 PFU/cell) or fresh EEV (MOI of 4.6 PFU/cell, with 74% resistant

to MAb 5B4/2F2 neutralization) diluted in PBS–2% FBS. After being washed, cells were treated as described in the text to reveal IMV and EEV virions by double
immunofluorescent staining. The numbers of IMV and EEV virions bound on the surfaces of 200 cells were then determined by confocal-microscopy examination. The
data are the averages6 SDs for triplicate measures. Parenthetical data are the results expressed as percentages of the control.
cMock- and MAb B2-treated cell monolayers were infected on ice for 1 h with either purified IMV or fresh EEV (containing MAb 5B4/2F2; final dilution, 1/2,560)

to obtain approximately 200 plaques per well on mock-treated monolayers. After being washed, cells were overlaid with CMC, and the plaques were counted 2 days
later. The data are expressed as percentages of the control and are averages6 SDs for duplicate cultures.
d NA, not applicable.
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fragile structure, and even when virions from the supernatant
of infected cells were analyzed by cryoelectron microscopy,
only a minority of particles had a complete and intact outer
membrane (16). The data presented here show that the puri-
fication of EEV leads to the isolation of a majority of particles
with a damaged outer membrane, as revealed by their sensi-
tivity to a MAb that neutralizes IMV. Similar observations
have been published recently by Ichihashi (9), who showed that
treatments such as sonication and one cycle of freeze-thawing
were sufficient to rupture the EEV membrane. Because dam-
aged EEV could bind to the cell via an EEV or IMV protein,
purified EEV should not be used for binding studies.
We took advantage of the fact that VV virions are very large

to visualize them by fluorescent microscopy (conventional or
confocal) after chemical (DNA labelling with DAPI) or indi-

rect immunofluorescent labelling. The ability to visualize indi-
vidual particles was then exploited to develop an original bind-
ing assay using double indirect immunofluorescence to
differentiate and count IMV and EEV bound to the cell sur-
face by confocal-microscopy analysis. This binding assay has
several useful features. (i) By its capacity to reveal and identify
simultaneously IMV and EEV, it enables unpurified prepara-
tions containing both forms of VV to be used. (ii) This assay
does not require any prelabelling of the virus. (iii) The results
generated are absolute numbers of virus particles/cell, not rel-
ative numbers representing the mean score of the cell culture;
therefore, this assay could identify which cells in a heteroge-
nous culture bind IMV and/or EEV even if only a small frac-
tion of cells do so. (iv) The assay gives steric information
concerning the location of the virus binding site on the cell. (v)

FIG. 3. (A) Capping of MAb B2-reactive receptor. HeLa cells grown as suspension cultures were processed as described in Materials and Methods to induce
capping of MAb B2-reactive molecules (b and c). To visualize capping, cells were fixed before (b) or after (c) incubation at 378C for 10 min and MAb B2/RAM-IgM
complexes were revealed by FITC-GARB (12 mg/106 cells in 0.2 ml of PBSF). (a) Cell incubated with an irrelevant primary mouse IgM MAb and then treated as
described for panel b. Bar, 2 mm. (B) Effect of MAb B2-reactive receptor capping on EEV binding. The following three preparations of HeLa cells were subjected to
the binding assay: cells preincubated for 45 min at 08C with an irrelevant mouse IgM MAb (Serotec) (10 mg/106 cells per 0.2 ml of PBSF) (negative control cells) (a),
cells treated as described in Materials and Methods to induce MAb B2-reactive receptor capping without incubation at 378C for 10 min (MAb B2-labelled cells) (b),
and cells treated to induce capping of MAb B2-reactive receptor (MAb B2-capped cells) (c). These three cell preparations were then infected (106 cells/ml) on ice for
1 h with either purified (Purif) IMV (MOI of 10 PFU/cell) or fresh EEV (EEV prep) (MOI of 5.1 PFU/cell, with 79% resistant to neutralization by MAb 5B4/2F2)
diluted in PBS–2% FBS. After being washed with PBS–2% FBS to remove unadsorbed virus, cells were treated as described in the text to reveal virions by double
indirect immunofluorescent staining. The numbers of IMV (black bars) and EEV (hatched bars) virions bound on the surfaces of 200 cells were then determined by
confocal-microscopy examination. Data are expressed as percentages of the control and are the averages6 SDs for triplicate measures. For control cells infected with
purified IMV, a mean of 2,253 IMV virions was observed. For control cells infected with fresh EEV, means of 217 IMV virions and 509 EEV virions were observed.
pp, physical particle.
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It enables staining with three or more antibodies, providing a
way to investigate any correlation between the expression of a
particular receptor and the capacity of a cell to bind EEV or
IMV in a mixed cell population.
By this binding assay, we have shown that IMV and EEV

bind to different cellular receptors. This conclusion is based on
three observations. (i) The efficiencies with which different cell
lines bind EEV and IMV are unrelated, (ii) cell surface treat-
ments with some enzymes affect IMV and EEV binding dif-
ferently, and (iii) MAb B2 bound on the cell surface does not
affect EEV binding, even after capping of the unidentified
molecule to which it binds.
In regard to the capacities of different cell lines to support

EEV and IMV binding, we observed that while BS-C-1, RK13,
and HeLa cells bound IMV with similar efficiencies, these cells
showed considerable variation in their capacities to bind EEV
(Table 1), suggesting that the two forms of VV bind to different
receptors. Theoretically, it should be possible to find cell lines
which support exclusively IMV or EEV binding or cell lines
which do not support the binding of IMV and EEV. These cell
lines might be very useful in identifying IMV and EEV recep-
tors by screening expression libraries of cDNA.
Cell surface treatments with trypsin, pronase, and neuramin-

idase affected IMV and EEV binding in different ways. The
most spectacular effect was observed with pronase treatment,
which nearly abolished IMV binding while EEV binding was

FIG. 4. Concomitant detection of EEV (red signal) and MAb B2-reactive molecule clusters (green signal) on the surfaces of HeLa cells. HeLa cells were grown
as suspension cultures and were processed as described in Materials and Methods to induce capping of MAb B2-reactive molecules. Cells were then infected with fresh
EEV at the MOI of 3.5 EEV PFU/cell (106 cells/ml) on ice for 1 h. After being washed with cold PBS–2% FBS, cells were fixed in PBS containing 4% paraformaldehyde
(wt/vol) for 20 min on ice. MAb B2/RAM-IgM complexes were revealed by FITC-GARB. EEV were revealed by indirect immunofluorescent staining with MAb 19C2
as the primary antibody and PE-RAR as the secondary antibody. Cells were first incubated simultaneously with FITC-GARB and MAb 19C2 for 45 min at 378C and
after being washed were incubated with PE-RAR at 378C for 30 min. After final washing, cells were mounted and examined by confocal microscopy. The three
horizontal rows are analyses of three different cells. The first and second panels of each line are the emissions of red and green fluorescences, respectively, and the third
panel is the merged image of the red and green emissions. Bar, 2 mm.
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enhanced (Table 1). This result showed that the IMV receptor
must be composed of a peptide. The fact that pronase treat-
ment seems to increase the accessibility of the EEV receptor
does not prove that this receptor is not a protein; it could be a
protein strongly resistant to protease treatment.
Lastly, the binding of MAb B2 to the cell surface, which

inhibits IMV binding, has no effect on EEV binding, even after
capping of the MAb B2-reactive molecule, indicating that this
molecule is not a binding receptor for EEV. As to the inhibi-
tion of IMV binding by MAb B2, our results broadly confirm
those published by Chang et al. (5), except that the degree to
which IMV binding was prevented by MAb B2 was slightly
different and that complete inhibition was not achieved. These
results suggest that although the molecule recognized by MAb
B2 is the major IMV receptor, it is not the only IMV receptor.
Finally, our data demonstrate that MAb B2 prevents IMV

binding by steric inhibition, because although trypsin treat-
ment destroyed MAb B2 binding to cells, IMV binding was not
affected.
Although saturation binding experiments were not possible

due to the low concentration of EEV in fresh supernatants, we
believe that the binding of virions to cells was specific. First,
every bound IMV gave rise to a plaque, whereas for EEV only
one in five virions did so. Second, the use of different cell types
and the treatment of cells with three enzymes or MAb B2
affected the binding of IMV and EEV to cells and their infec-
tivity to the same degree. If some binding was nonspecific, this
would not have been so.
VV (and other orthopoxviruses) are unusual in that they

produce two types of infectious virions, with different struc-
tures, antigenicity and biological properties. This is probably
advantageous to the virus in enabling transmission in different
ways but may also broaden the cell, tissue, or host tropism. The
determination of the extent to which tropism may be broad-
ened will require the identification of the IMV and EEV re-
ceptors and an analysis of their distribution. In vivo it may be
that some cells express preferentially or exclusively IMV or
EEV receptors. Consistent with this possibility, an analysis of
only three cell lines has already shown considerable variation
in EEV binding (Table 1). Another complication is that there
is more than one IMV receptor, since MAb B2 only partially
inhibited IMV binding (Table 2). Possibly EEV will also have
several cellular receptors that are bound by different EEV
glycoproteins.
In conclusion, we have described a novel method based on

confocal microscopy to study virus binding. This assay has been
applied to the study of VV binding, a field which has hitherto
been complicated by the existence of two structurally and an-
tigenically distinct forms of virus (IMV and EEV) which have
not been physically purified from each other without damaging
the outer envelope of EEV. Although the utility of this tech-
nique has been demonstrated here with VV, it should be ap-
plicable to any virus that is larger than 50 nm.
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